Dennis RA, Zhu H, Kortebein PM, Bush HM, Harvey JF, Sullivan DH, Peterson CA. Muscle expression of genes associated with inflammation, growth, and remodeling is strongly correlated in older adults with resistance training outcomes. Physiol Genomics 38: 169 -175, 2009. First published May 12, 2009 doi:10.1152/physiolgenomics.00056.2009.-A group (n ϭ 8) of healthy older (68 Ϯ 6 yr) adults participated in a 36-session progressive resistance exercise training program targeting the thigh muscles to determine the relationship between muscle gene expression and gains in muscle size and strength. Biopsies were obtained from the vastus lateralis at baseline 72 h after an acute bout of exercise and 72 h after completion of the training program. Training increased thigh muscle size (7%) and strength for the three exercises performed: knee extension (30%) and curl (28%) and leg press (20%). We quantified 18 transcripts encoding factors that function in inflammation, growth, and muscle remodeling that were demonstrated previously to be regulated by aging and acute exercise. The gain in extension strength and muscle size showed a high number of significant correlations with gene expression. These gains were most strongly correlated (P Յ 0.003, R Ն 0.89) with the baseline mRNA levels for insulin-like growth factor-1, matrix metalloproteinase-2 and its inhibitor TIMP1, and ciliary neurotrophic factor. Moreover, strength gains were inversely correlated with the change in these mRNA levels after training (P Յ 0.002 and R Յ Ϫ0.90). Changes in gene expression after acute exercise were not associated with training outcomes. These results suggest that higher baseline expression for key genes in muscle conveys an adaptive advantage for certain older adults. Individuals with lower baseline expression of these genes show less adaptation to exercise despite increased gene expression in response to training. These genes hold promise as useful predictors of training outcomes that could be used to design more effective exercise regimens for maintaining muscle function in older adults. growth factors; metallopeptidase; ciliary neurotrophic factor; aging; resistance exercise; skeletal muscle INDIVIDUALS CAN TYPICALLY increase the size and strength of their skeletal muscles by participating in resistance exercise training. However, the magnitude of the response to training can vary significantly as has been shown for size (Ϫ3% to ϩ59%) and strength (0% to ϩ250%) changes of the biceps for a relatively large cohort of healthy young adults (14). Older adults also benefit from resistance exercise training, but the adaptive responses appear to be even more variable than for younger adults (10, 35). It seems likely that sarcopenia, the loss of muscle size and strength that occurs with aging due to a combination of external causes and age-associated physiological changes (28), will be more pronounced in individuals whose muscle displays less of an adaptive response to physical activity. Since sarcopenia has such detrimental effects on independence and health (32), understanding the molecular and cellular biology of skeletal muscle and using this information to predict an individual's response to training would be of great value.
INDIVIDUALS CAN TYPICALLY increase the size and strength of their skeletal muscles by participating in resistance exercise training. However, the magnitude of the response to training can vary significantly as has been shown for size (Ϫ3% to ϩ59%) and strength (0% to ϩ250%) changes of the biceps for a relatively large cohort of healthy young adults (14) . Older adults also benefit from resistance exercise training, but the adaptive responses appear to be even more variable than for younger adults (10, 35) . It seems likely that sarcopenia, the loss of muscle size and strength that occurs with aging due to a combination of external causes and age-associated physiological changes (28) , will be more pronounced in individuals whose muscle displays less of an adaptive response to physical activity. Since sarcopenia has such detrimental effects on independence and health (32) , understanding the molecular and cellular biology of skeletal muscle and using this information to predict an individual's response to training would be of great value.
Evidence is accumulating that genetic and molecular differences between individuals regulate muscle phenotype and response to exercise. A PubMed search in March 2009 for "skeletal muscle" and "genotype" or "gene expression" limited to humans returned 1,128 and 5,449 citations, respectively. For example, genotype of the angiotensin I-converting enzyme and alpha-actinin 3 genes influences the response to resistance training (5, 25) , and myogenic regulatory factors such as MyoD and myogenin are common targets of gene expression studies (20, 27) . Our efforts to define the molecular control of muscle in young and older adults have involved the study of a number of transcripts expressed in muscle (Table 1) . We initially studied inflammation since acute inflammation is thought to play an important role in muscle repair and chronic inflammation has been associated with sarcopenia (29, 34 ). An initial study involving young males (21-46 yr) indicated that after a single bout of resistance exercise 72 h is better than 24 h as a postexercise time point for measuring the induction of cytokine transcripts (9) . A follow-up study including older adults (65-80 yr) showed that compared with younger adults, older adults possessed higher levels of muscle cytokine transcripts at baseline and as a group did not display the 72 h postexercise induction of cytokines (26) . The baseline and postacute exercise muscle was further compared between the young and older adults using quantitative gene expression profiling for 100 transcripts of interest (8) . The profiling revealed that transcripts for a number of factors including insulin-like growth factor-1 and the vascular endothelial growth factors-A and -D were higher for the young than the older adults and that other transcripts including that of myostatin responded to acute exercise only for the young. Though significant differences were identified between younger and older adults at baseline and in the response to acute exercise for transcript expression, the amount of within-group variability was striking. We hypothesized that this molecular variability would have been associated with varied gains in muscle size and strength had these individuals undergone a resistance exercise training program. The current study tested this hypothesis by subjecting a group of healthy older adults to a progressive resistance exercise training program that targeted the thigh muscles to determine the relationship between the gains in muscle strength and size and muscle gene expression. Quantitative analysis of 18 transcripts (Table 1) potentially involved in muscle inflammation, growth, and remodeling was performed using vastus lateralis biopsy tissue collected from subjects at baseline (pre-exercise), 72 h postacute exercise, and 72 h after the resistance exercise training program.
METHODS

Subjects.
Older male (n ϭ 3) and female (n ϭ 5) subjects were recruited from the community using newspaper advertisements [68.3 Ϯ 5.6 yr, height 167 Ϯ 8 cm, weight 69 Ϯ 10 kg, body mass index (BMI) 25 Ϯ 2 kg/m 2 (mean Ϯ SD)]. All subjects gave a written informed consent approved by the Institutional Review Board (IRB) of the University of Arkansas for Medical Sciences. Tissue and data analysis was certified as exempt from oversight by the IRB of the University of Kentucky. To determine eligibility, subjects underwent a thorough physical examination including blood chemistries and a resistance exercise cardiac stress test. Subjects were included if they were age 60 yr or older, had not participated in resistance exercise training in the previous 6 mo, were nonsmokers, had blood pressure Ͻ150/90 mmHg, had BMI Յ30 kg/m 2 , and were healthy as judged by the study physician. Subjects were excluded if they had any acute or chronic illness or disability that could place them at risk during exercise. Subjects were also excluded if they could not refrain from the use of anti-inflammatory medications for 3 days prior to and through the exercise phase of the protocol.
Resistance exercise protocol. Subjects completed a single session of acute resistance exercise followed by a 36-session progressive resistance exercise training program. The training program was designed to increase mass and strength for the thigh muscles by exercising three times per week on nonconsecutive days for 12 wk. Due to scheduling convenience for the subjects, 15 Ϯ 1 (mean Ϯ SD) wk were required to complete the program. The acute resistance exercise session included 10 min of light cycling for warm-up and the determination of each subject's one-repetition maximum (1-RM) for bilateral knee extension, knee curl, and leg press (Keiser Pneumatic Strength Training Equipment; Keiser, Fresno, CA). Subjects rested for 5 min and then completed three sets of eight repetitions followed by a fourth set of repetitions to voluntary failure for each of the three exercises at 80% 1-RM. Subjects were given 2 min of rest between each set and 5 min between exercises. Subjects were supervised during each session to insure proper form and safety. 1-RM was determined every 2 wk, and the 80% 1-RM workload was readjusted.
CT scan. The cross-sectional area of the nondominant thigh was measured by computed tomography (CT) prior to beginning the exercise training program and 5 days after training was completed. Subjects were supine for at least 30 min prior to the scan. The CT image was taken at the midpoint between the inguinal fold and proximal pole of the patella, along the femur. Muscle, fat, and bone areas were calculated with SliceOmatic software (Tomovision, Montreal, Canada).
Muscle biopsy. Muscle biopsies were taken from the vastus lateralis muscle just prior to acute exercise (baseline), 72 h postacute exercise, and 72 h after the resistance exercise training program. The 72 h time point was chosen based on our original interest in muscle inflammation after acute exercise (9, 26) . The first biopsy was taken from the subject's nondominant leg, and the second and third biopsies were taken from the dominant leg. Tissue was obtained after local anesthetic (lidocaine HCl 1%, 3 ml), processed, and stored frozen until analysis as described previously (8) .
Gene expression analysis. Total RNA was purified from frozen muscle tissue as described previously to measure levels of 18 transcripts (Table 1 ) of interest and a control (18S ribosomal RNA) by quantitative reverse transcriptase real-time polymerase chain reaction (RT RT-PCR) (8) . The RT RT-PCR reagents (iScript cDNA synthesis kit and 2ϫ SYBR Green Master Mix) and the iQ5 Multicolor Real-Time PCR Detection System were used according to the manufacturer's instructions (Bio-Rad, Hercules, CA). A detailed description of the primers used to detect each transcript, data normalization to the control transcript, and calculation of relative expression values have been reported (8, 9, 26) . In brief, parameters for each assay were carefully optimized for efficiency using standard curves that were generated from fourfold serial dilutions of a pooled-sample cDNA. Standards and individual samples were assayed at least in triplicate. Melting curves, gel electrophoresis of the PCR products, and controls lacking template were used to verify the single product specificity of the RT RT-PCR assays.
Statistics. Exercise outcomes for muscle size and strength (pre-and posttraining as well as the percent change) were treated as continuous variables and summarized with descriptive statistics (mean and standard error of the mean, Table 2 ). Comparisons of exercise outcomes (pre-vs. posttraining) were made using the paired samples t-test. Gene expression data (pre-exercise baseline, and the fold-change from 
Differences in expression were previously identified in muscle gene expression between young and older adults: the 72 h response to acute resistance exercise was greater in the young than old (ARE YϾO), baseline values were greater in the old than young (BL OϾY), the baseline values were greater in the young than old (BL YϾO), or young was not different from the old (ND). baseline after acute exercise or the fold-change after training) were also treated as continuous variables. The relationships between the percent change in the exercise outcomes and gene expression data were visualized using scatter plots. A curvilinear relationship was detected in these plots, which was corrected with a log transformation of the gene expression data. The associations between the percent change in the exercise outcomes and the transformed gene expression data were then evaluated using the Pearson test. The resulting correlation coefficients (R-values) are presented with the corresponding P values.
RESULTS
Training outcomes. Eight older adults (age range 61-78 yr) completed an acute session of resistance exercise followed by 36 sessions of progressive resistance exercise training that targeted the thigh muscles. The pre-and posttraining outcomes for muscle size and strength are shown in Table 2 . Training resulted in a significant increase of ϳ7% in whole muscle size of the midthigh (P ϭ 0.002), while fat (P ϭ 0.395) and bone (P ϭ 0.980) cross-sectional areas were not affected. Training also resulted in a significant 20 -30% average improvement in strength (1-RM) for each of the three exercises: knee extension (P Ͻ 0.001), knee curl (P ϭ 0.003), and leg press (P Ͻ 0.001), though for all measures there was considerable interindividual variability. The gain in muscle size was correlated with the gain in knee extension strength (P ϭ 0.006, R ϭ 0.87). However, other significant correlations between training outcomes did not occur.
Correlations between training outcomes and muscle gene expression. Muscle biopsies were taken from the vastus lateralis at baseline, and 72 h postacute exercise and 72 h posttraining to determine if the percent gains in muscle size and strength were related to the expression of specific genes. Transcripts for 18 genes that we previously characterized as being regulated by acute exercise and/or aging in human muscle were measured ( Table 1) . The results of a correlation analysis between the training outcomes and gene expression are shown in Table 3 as the number of "strong" (strong is arbitrarily defined as absolute value of R Ն 0.85) and/or significant (P Յ 0.05) relationships. The gain in extension strength after training was significantly related to 24 gene expression values (n ϭ 13 at baseline and n ϭ 11 posttraining) and strongly related to 12 of those values (n ϭ 6 at baseline and n ϭ 6 posttraining). Though fewer than for extension, the gain in muscle size was significantly related to 15 gene expression values with 4 of those being strong. By contrast, the gain in strength for press and curl did not have any strong relationships and relatively few total (n ϭ 7 press, n ϭ 1 curl) significant relationships with gene expression. None of the training outcomes was strongly related to gene expression postacute exercise, and only one significant relationship existed.
Strongest relationships between extension strength and transcript expression. Since the majority of the strong and significant correlations between training outcomes and gene expression occurred between the gain in knee extension strength and gene expression at baseline and posttraining, these relationships are further described (Table 4) . Extension strength was strongly and significantly related to the expression of IGF1, TIMP1, MMP2, and CNTF transcripts at both baseline and post-training (Table 4 , group 1). Those individuals with the highest baseline levels of these transcripts and the least induction following training showed the greatest extension strength gain. The positive correlations to baseline expression and the negative correlations to post-training expression are shown graphically in Fig. 1 (baseline) and Fig. 2 (posttraining) . Also in Figs. 1 and 2, one subject can be seen as a consistent outlier for strength and gene expression. Analysis after removal of this subject from the dataset produced similar overall results (data not shown).
Other relationships between extension strength and transcript expression. Transcript expression for VEGFD, IGFBP5, IL1RA, and GDF8 was significantly related to extension strength both at baseline and posttraining, but the relationship was strong at only one of the two time points (Table 4 , group 2). Correlations between transcript expression for IL10, fibronectin, and IL1␤ and extension strength were significant but were not strong at either time point (Table 4 , group 3). Correlations with IL6, MAFbx, and c-fos were significant at only one time point, and correlations with ACTC1, CCL18, TNF-␣, VEGFA and the control 18S were not significant (data not shown). Values are means Ϯ SE. *Cross-sectional area for the midthigh was measured by CT scan. †Strength based on one-repetition maximum testing (1-RM). P values were calculated using paired samples t-test. Correlations between training outcomes and gene expression values were determined by the Pearson test. An absolute value of R Ն 0.85 was used arbitrarily to define a "strong" relationship. Training outcomes were the dependent variables. Outcomes were calculated as the percent gain posttraining for the change in thigh muscle size and strength for knee extension, knee curl, and leg press. 3 Gene expression values were measured for muscle biopsies taken at baseline (pre-exercise), postacute exercise, or posttraining. Postacute and posttraining gene expression was calculated as the fold-change compared with baseline.
DISCUSSION
The older adults in this study showed a range of responses to resistance exercise training from Ϫ1% to ϩ18% for muscle size and ϩ8% to ϩ65% for muscle strength. Correlation analysis between the data for these training outcomes and expression data for 18 transcripts presumed to function in muscle response to inflammation, growth, or remodeling yielded three main findings: 1) strong correlations between gene expression in the vastus lateralis and strength gain were restricted to the exercise that maximally activated that muscle, e.g., the knee extension as opposed to the leg press or knee curl (1); 2) training outcomes were positively correlated with the level of transcripts from each functional class at baseline and negatively correlated with changes in transcript levels after training; and 3) training outcomes were not related to the response of these genes 72 h postacute exercise. These results suggest that higher baseline expression of key genes in muscle conveys an adaptive advantage for certain older adults. Individuals with lower baseline expression of these genes show less adaptation to exercise despite increased gene expression in response to training. To our knowledge this is the first report showing that baseline levels of muscle gene expression may have predictive value for training outcomes in older adults. Other studies suggesting that these transcripts play an important role in the response to resistance exercise training will be discussed.
Cytokines. Altered regulation of muscle cytokine production during aging may contribute to diminished muscle adaptability. The production of pro-and anti-inflammatory cytokines in response to damaging exercise as part of the repair process is impaired by aging (12, 17) , and aging results in a rise in basal inflammation that is thought to contribute to sarcopenia by stimulating muscle catabolism (29, 31) . Our prior findings involving older adults and less damaging acute resistance exercise were also consistent with this idea that cytokine dysregulation could cause varied outcomes for resistance exercise training (26) . The present training study investigated three hypotheses related to cytokine expression. Hypothesis 1, Correlations between the gain in knee extension strength (dependent variable) after training and transcript expression (independent variable) was determined by the Pearson test. Transcripts were grouped according to the strength and consistency of their relationship with extension strength. An absolute value of R Ն 0.85 was used arbitrarily as a cutoff value. Fig. 1 . Baseline (pre-exercise) relationship between muscle gene expression and the percent gain in knee extension strength posttraining. Gene expression was measured by quantitative RT RT-PCR. Relative expression was calculated using standard curves and normalized using 18S. Data for each subject is shown (males OE, females F). Note that gene expression data were log transformed.
that the magnitude of induction of cytokine expression in response to acute exercise would be predictive of individual adaptability to training, was not supported. Changes in neither inflammatory nor anti-inflammatory cytokine expression after acute exercise were related to training outcomes. Hypothesis 2, that higher baseline levels of proinflammatory cytokines such as IL1␤ would diminish training outcomes, was also not supported. In fact, the opposite relationship was observed, that baseline IL1␤ was positively correlated with strength gain. Hypothesis 3, that the training-induced decrease in IL1␤ would be related to better training outcomes, was supported. The individuals who gained the most strength also had the largest decrease in IL1␤ after training. Similar results were found for the IL1␤ receptor antagonist and IL10, suggesting that the anti-inflammatory effects of resistance training that has been seen by others is also an important part of adaptation (11) . Thus, regulated inflammation appears to be closely tied to training outcomes. However, more direct indicators of muscle inflammation need to be developed to understand the optimal inflammatory response to exercise.
Growth factors. Skeletal muscle contains numerous cell types (satellite and endothelial cells, fibroblasts, motoneurons, etc.) that support the muscle fiber and likely require a variety of growth factors to respond to exercise training. As candidates, we previously identified IGF1 and its binding protein IGFBP5, CNTF, VEGFD, and GDF8 as having reduced expression in muscle of older adults (26) . Data presented here show lower baseline expression of these growth factor mRNAs is associated with limited adaptability to training. A body of knowledge exists for IGF1 and GDF8 in relation to human muscle and resistance exercise, but limited information exists for the other growth factors. Variations in the CNTF gene have a genetic influence on muscle mass and strength (2, 6, 30), but aside from our previous study (8), we are not aware that muscle CNTF expression has been measured. We are also not aware of other investigations of human muscle IGFBP5 and VEGFD and resistance exercise training.
IGF1 expression at baseline and posttraining was most consistently correlated with the gain in muscle size and strength (data only shown for strength). This is consistent with a role in skeletal muscle maintenance and adaptation through the constitutive expression of its IGF1Ea isoform (36) . Our IGF1 primers did not distinguish between the IGF1Ea and IGF1Ec [mechano growth factor (MGF)] isoforms, but we believe the results are primarily due to IGF1Ea since its transcript levels are two to three orders of magnitude greater than MGF in human muscle (13) . The work of Bamman et al. (3) also reached the conclusion that IGF1 expression is strongly associated with the variability in resistance training outcomes. Their study was designed to compare "responders" and "nonresponders" with respect to myofiber hypertrophy. The change in IGF1 expression 24 h after acute exercise was significantly related to myofiber hypertrophy, but IGF1 expression 24 h posttraining was not related to hypertrophy. This is an interesting contrast to our results, which found that strength gain was not related to IGF1 72 h after acute exercise but was strongly related 72 h posttraining.
GDF8 (myostatin) has been extensively studied as a negative regulator of muscle growth. The hypothesis that levels of GDF8 are elevated in muscle of older compared with younger adults has been recently supported (22) , but our previous results showed the opposite relationship (8) . Our current results show that higher GDF8 transcript levels at baseline were predictive of positive training outcomes, which supports the "novel paradox" proposed by Kim et al. (18) , whereby individuals with higher baseline levels of the "antigrowth factor" GDF8 have greater potential for muscle growth. Our results are also consistent with many previous studies showing a decrease Fig. 2 . Posttraining relationship between muscle gene expression and the percent gain in knee extension strength posttraining. Gene expression was measured by quantitative RT RT-PCR. Relative expression was calculated using standard curves and normalized using 18S. Data for each subject is shown (males OE, females F). Note that for gene expression data the fold-change from baseline to posttraining was log transformed. in GDF8 expression with exercise (7, 8, 18, 23, 27) . GDF8 downregulation after acute exercise was strongly associated with muscle mass gains after training (15) , and we show that the magnitude of GDF8 suppression by training was strongly related to strength gains. In contrast, Kim et al. (19) found that the GDF8 response was not related to myofiber hypertrophy after training. These contrasting results may be due to differences in study design or methods of analysis. We speculate that the conflicting results might also suggest that, of the numerous complementary molecular changes required for adaptation to exercise training, certain ones may be more closely tied to specific outcomes (i.e., myofiber or whole muscle hypertrophy vs. strength gain).
Remodeling-associated factors. The matrix metalloproteinase MMP2, the MMP inhibitor TIMP1, and the extracellular matrix (ECM) glycoprotein fibronectin were identified by our previous study as factors whose expression was altered by aging and acute resistance exercise (8) . The relationships identified in the current study between expression of these factors and strength gain suggests that cleavage of muscle ECM or altered production thereof is an important process during training adaptation. MMP2 and TIMP1 have been mostly studied in human muscle during conditions of accelerated remodeling such as ischemia or paralysis (4, 21) , and fibronectin is known to be a structural component of the sarcolemma (33) . We are not aware of other studies that have examined these factors after resistance training, and thus, their function in this context remains to be determined. Collagen IV of the basement membrane is a typical substrate for MMP2, though fibronectin is also cleaved by MMP2 and other MMPs that are inhibited by TIMP1 (24) . Cleavage of the ECM may be a structural change that allows for adaptive processes such as satellite cell migration and fusion to the myofiber, or it may play a bioactive role in regulating cell proliferation and differentiation (16, 24) .
Limitations and conclusion. The application of these results is limited in several ways: 1) The sample size was small and lacked the power to identify possible confounding variables such as sex, which can affect muscle phenotype and gene expression (37) ; 2) The study involved only older adults, and thus, whether expression of these genes has predictive power in healthy young adults or other populations is not yet known; and 3) At this point, the genes of interest to this study are simply promising candidates as markers of training outcomes. The list included the extensively studied IGF1 and GDF8 genes, which have been hypothesized to regulate satellite cell function in response to resistance training (18, 19) , whereas the novel relationships identified between expression of the other genes and muscle adaptation provide fuel for future mechanistic hypotheses. Despite the limitations, the results of this study are particularly convincing in that the transcripts (IGF1, TIMP1, MMP2, and CNTF) that displayed the strongest relationships with training outcomes for older adults here also showed the greatest disparity between young and older adults in our previous study. Baseline gene expression was not related to muscle size and strength prior to training (data not shown). Thus, these transcripts appear to reflect the adaptive potential of the complex muscle environment and hold excellent potential as predictive markers of resistance training outcomes at least in healthy older adults and possibly other populations in need of personalized exercise and rehabilitation routines.
